Rice is one of the most important foodstuffs in Japan. Diet lifestyles in Japan have recently changed due to the development of takeout and processed foods. To fit the changes of eating habit, Super Rice Project was started by the Ministry of Agriculture, Forestry, and Fisheries of Japan in 1989. The main objective of the project is to develop the utilization and processing for new types of rice and to breed rice cultivars with new characteristics that fit the objective of utilization.
Nakamura et al. have classified the starches of rice varieties cultivated in Asia into two types, L and S, based on the differences in the chain length of the amylopectin (AP) cluster.
5) The L type rice mainly belonged to indica rice, and the S type to Japonica rice. The AP is a main component of starch, and the physicochemical properties of starch are greatly influenced by the fine structure of AP. In other words, the structural properties of AP are closely related to the physicochemical and functional properties, such as gelatinization and retrogradation, of starch. 5 10) The properties of rice starch have a great influence on the texture of cooked rice. Therefore, one of the objectives of recent rice breeding is to breed rice with a new types of starch. For example, the breeding of tasty rice such as Milky Queen with a low AM content has been done, and the physicochemical characteristics of low AM rice starches have been investigated. 11) It was reported that the consistency (setback, SB) of the endosperm starch of high AM content rice measured by a Rapid Visco Analyser (RVA) was high, 3) and it is generally recognized that the starch with a high AM content is easy to retrograde. There were the super long chains (SLC) like AM in the AP of the endosperm starch of high AM content rice. 12) The existence of SLC has been recognized in rice, 13) maize, 14) barley, 15) millet 16) sorghum 16) and other plants. 17) Hizukuri have reported that there is SLC in non waxy starch and there is no SLC in waxy starch. 18) The taste of cooked rice is greatly influenced by the ratio of the content of AM to AP in rice starch. 19) The SLC also seem to influence the taste of cooked rice. Cooked rice containing SLC showed high hardness and low stickiness. 20, 21) Takahashi et al. have reported a series of investigations for the correlation between the taste of cooked rice and the starch characteristics of new types of rice. 20 25) Okadome et al. have reported that the differences in the texture of cooked rice for different samples of different rice cultivars and cultivation methods can be detected by a press test for cooked rice using a Tensipresser.
The objective of this study was to investigate the structural and physicochemical characteristics of endosperm starches of rice cultivars recently bred in Japan and harvested mainly in 1998 and 1999, and examine the relationships between the structural and functional parameters of the starches.
MATERIALS AND METHODS
Sample seeds. Fifty nine kinds of rice seeds were harvested in 1998 and 1999 except for Tohoku 148 (1990), Kenkei 2064 (1991), Saikai 184 (1992), Kou 309 (1994) and Beniroman (1995) . Seventy one rice samples of non waxy rice including five popular japonica cultivars, Hinohikari, Koshihikari, Sasanishiki, Kirara 397 and Nipponbare (containing seeds cultivated at different places), and 22 rice samples of waxy rice including three popular japonica waxy cultivars, Hakuchomochi, Hakutomochi and Hiyokumochi, were provided by the Ministry of Agriculture, Forestry, and Fisheries of Japan. Preparation of starch granules and amylopectin. Starch granules were prepared from polished rice by the cold alkali method. 27, 28) Rice AP was isolated and purified from the rice starch by the modification 29) of Schoch s method.
30)
Measurement of iodine absorption spectra. The iodine absorption spectra of the rice starches were measured using a Hitachi 3210 spectrophotometer as reported previously.
31)
Thermal analysis of starch. The thermograms of starch granules were recorded on a differential scanning calorimeter (DSC) (Rigaku 8240D) by modification of the method of Inouchi et al. 6) RVA viscograms. The viscosity of a 10% aqueous suspension of starch was measured using a Rapid Visco Analyser (RVA) (Model RVA 3D, Newport Scientific, Co., Ltd., Tokyo, Japan) (Fig. 2) . The temperature condition during the measurement was as follows: keeping at 30 C for 1 min, heating from 30 to 95 C by 5 C min, keeping at 95 C for 6 min, cooling from 95 to 50 C by 5 C min, and keeping 50 C for 10 min. The temperature at initial viscosity rising (Tv), peak top viscosity (PV ), breakdown (BD ), setback (SB ) and tan of each starch sample were obtained from the viscogram. 3, 32) The Tv was measured as the temperature when viscosity exceeded a calculated viscosity [base viscosity 1 20 (peak top viscosity base viscosity)], the peak viscosity was the maximum value during heating time from 30 to 95 C, the breakdown was measured as the viscosity of [PV the minimum viscosity (MV ) (the minimum value during holding time at 95 C or cooling time from 95 to 50 C)], the setback was measured as the viscosity of [the final peak viscosity (FV ) (the maximum viscosity during cooling time from 95 to 50 C or holding time at 50 C) MV ] and (the tan was measured by (PV viscosity at Tv)) [temperature at PV (Tpv) Tv], which indicated the increasing rate of viscosity.
Debranching of starch and amylopectin with isoamylase and fractionation of debranched materials by gel permeation chromatography (GPC). Starches and AP were debranched with crystalline Pseudomonas isoamylase by the method of Ikawa et al. 33) Debranched materials were fractionated by gel filtration on a column (300 20 mm) of Toyopearl HW55S connected in series to three columns (300 20 mm) of Toyopearl HW50S.
31) The two following fractionation methods (Method A and B) were adopted.
Method A: Fraction I (Fr. I) was divided according to the range of more than 620 nm of the wavelength at maximum absorption ( max ) in the absorption spectra of the glucan iodine complexes of each tube. All rice cultivars were classified into four groups (WS, LS, MS and HS) based on the Fr. I contents ( Table 1) .
Method B: Each fraction (Fr. 1, 2 and 3) was divided at the bottom between two vertexes of each elution curve of isoamylase debranched starches and APs (Figs. 5 and 6).
Debranching of starch and amylopectin with isoamylase and fractionation of debranched materials by HPLC-RI-LALLS and HPAEC-PAD. The debranching of starch with isoamylase and fractionation of debranched materials by HPLC with a differential refractometer and a low angle laser light scattering photometer (HPLC RI LALLS) were performed according to the method described by Hizukuri 18) with a minor modification. 31) High performance anion exchange chromatography with pulsed amperometric detection (HPAEC PAD) was performed using a Dionex model DX300 system (Dionex Corp., Sunnyvale, CA, USA) and a Model SC PAD II pulsed amperometric detector (PAD SC cell) consisting of an amperometric flow through cell with a gold working electrode, a silver silver reference electrode, and potentiostat according to the method described by Koizumi et al. 34) with a minor modification.
Swelling power and solubility of starch. The swelling power (SP) and solubility (SO) of the rice starches were determined according to Leach et al. 35) with slight modifications.
3)

RESULTS
Blue value (BV) and wavelength at maximum absorption (λ max ) of the iodine-starch complex. nm, similar to the max of the other MS, but its BV was in the range of HS. Therefore, the plot of Kenkei 2064 was extremely deviated from the straight line of correlation. 2, 36) Gelatinization temperature and enthalpy change of gelatinization measured by DSC. The peak temperature (Tp) and the enthalpy change ( H ) of the gelatinization of rice starches measured by DSC are shown in Tables 1 I IV. The Tp for starches of rice cultivated in 1999 were, in general, higher than those of starches in 1998. This result shows that environmental conditions such as temperature influence the gelatinization characteristics of rice starches.
3)
The ranges of Tp and H of Tashukei 431 (WS), Saikaimochi 243 (WS), Akenohoshi (MS), Haiminori (MS), Kenkei 2064 (MS) and Kou 309 (HS) were 76.4 78.9 C and 13.2 17.7 J g, respectively, and significantly greater than 62.0 71.7 C and 9.1 15.7 J g of the other rice starches, respectively (these starches with greater To and H are named HTS after starch gelatinizing at higher temperature (HT ) from now on). Since both Tashukei 431 and Haiminori are the ancestry of Akenohoshi, the exis- Open symbols, rice plants harvested in 1998; closed symbols, rice plants harvested in 1999; half closed symbol, rice plants harvested in neither 1998 nor 1999 year; square, waxy rice; triangle, low amylose rice; circle, medium amylose rice; lozenge, high amylose rice; half closed circle, Kenkei 2064. The Tv of HS and Kenkei 2064 starch were higher than that of Koshihikari starch (Fig. 2 A) . The PV of Kenkei 2064 starch was similar to that of Koshihikari starch. The PV of HS was lower than that of Koshihikari starch, while the MV , FV and SB of HS and Kenkei 2064 starch were higher than respective values for Koshihikari starch. The MV , FV and SB of Kenkei 2064 and Saikai 184 starches were significantly high. The increase in viscosity of the starches of Hiyokumochi (WS), Milky Queen, Snow Pearl and Soft 158 (LS) began at a lower temperature than that of Koshihikari starch (Figs. 2 B, C) . This result shows that the rapid increase in the viscosity of starches with lower AM content is observed as a Tpv value at the lower temperature by RVA. Since the Tp of the starches measured by DSC are higher, the onset temperature (data is not shown) are also higher. The viscograms of HS were characteristic, namely the SB of Hoshinishiki (Fig. 2 B) and Hoshiyutaka (Fig. 2 C) were nearly 150 RVU and the SB of Yumetoiro (Fig. 2 B) and Guizhao 2 (Fig. 2 C) were more than 300 RVU.
The Tv of Tashukei 431 (Fig. 2 B) and Saikaimochi 243 (Fig. 2 C) among WS, and Akenohoshi and Haiminori (Fig. 2 B) among MS were high. These starch samples corresponded with the starch samples recognized as HTS based on the gelatinization temperature measured using DSC. (Fig. 3 A) were lower than the respective values of Koshihikari. The tan of WS was higher than that of LS, MS and HS. The Tv and MV of Tashukei 431 were the highest among WS and higher than those of Koshihikari. The PV of LS (Fig. 3 B) was higher and the Tv, Tpv and SB of LS were lower than the respective values of Koshihikari. All characteristic values (Tv, Tpv, PV , BD , SB , MV , FV and tan ) of Koshihikari were nearly the average among those of MS. The Tv and SB of HS (Fig. 3 D) were higher than those of Koshihikari. Two types of SB (about 150 RVU of Hoshiyutaka and about 300 RVU of Yumetoiro) were observed for HS (Fig. 3 D) .
The Tp values of WS, LS and MS except for HTS measured using DSC were similar and somewhat higher than that of HS. However, the Tv values of WS, LS and MS were, in ascending order, WS LS MS. These results show that the rising rate of the viscosity of starches with higher AP content was rapid (tan is greater), so the Tv of starches with higher AP content (lower AM content) appears to be observed at a lower temperature. Since the Tp measured using DSC reflects the endothermic reactions of the whole starch granules, the AM and AP contents of starches may have a insignificant influence on the Tp.
Elution profiles of waxy starch and purified amylopectin debranched by isoamylase measured using HPLC-RI-LALLS.
The elution profile of the debranched starch of Tashukei 431 (WS) was different from that of Hiyokumochi (WS), one of the most popular Japonica waxy rice (Fig. 4 A) . The average chain lengths at the vertex of Fr. 3 for Hiyokumochi was about 15, and that of Tashukei 431 was about 16 17. The gelatinization temperature of Tashukei 431 measured using RVA and DSC was higher than those of ordinary rice starches. Figure Elution profiles of starch and purified amylopectin debranched by isoamylase measured by GPC. Figure 5 shows the elution profiles of the debranched materials of each starch and the AP purified from the starch by gel filtration on the connected columns of Toyopearl HW55S (300 20 mm) 1-Toyopearl HW50S (300 20 mm) 3. In Fig. 5 , the elution patterns of debranched starch and AP purified from the starch are shown by equalizing the total of Fr. 2 and Fr. 3. The parts of Fr. 2 and Fr. 3 in the elution patterns of debranched starch and AP purified from the starch were almost the same in Koshihikari (Fig. 5 A) , Chugoku 134 (Fig. 5 B) , Saikai184 (Fig. 5 C) and Kenkei 2064 (Fig. 5 D) . Since this result shows that there is no significant difference between starch and purified AP in the unit chain length distributions of Fr. 2 and Fr. 3, the procedure of isolation and purification of AP from starch does not appear to influence the unit chain length distribution of AP in starch. Before the existence of SLC in AP was demonstrated by Takeda et al., 38) Fr. 1 was recognized as the true AM (TAM) component in starch. In other words, Fr. 1 content in starch has been recognized to be the TAM content in starch. After the existence of SLC in AP was demonstrated, Fr. 1 content became to be estimated as AAM content. The TAM content is generally calculated from the iodine affinities of starch and AP by the iodine titration method presently.
42)
Small amounts of Fr. 1 were observed in the purified APs of Koshihikari (Fig. 5 A) and Kenkei 2064 (Fig. 5 D) . The Fr. 1 content in the AP of Chugoku 134 (Fig. 5 B) was 7.3%, and the SB of Chugoku 134 starch was about 150 RVU. The Fr. 1 content in the AP of Saikai 184 (Fig. 5 C) was 19.2%, and the SB of Saikai 184 starch was about 300 RVU.
In Figure 5 , the parts of Fr. 1 surrounded by solid and dotted lines correspond to AAM content and SLC content in the starch, respectively. Therefore, the value subtracted SLC content from AAM content of the starch is equivalent to the TAM content of the starch. The fractions of TAM, TAP, SLC, AAM and AAP in the elution profiles of debranched materials of starches are illustrated in Fig. 6 A. The contents of TAM, TAP, SLC, AAM and AAP in whole starch are also illustrated in Fig. 6 B.
It takes a lot of time to carry out the GPC experiments of debranched materials of starch and AP purified from the starch. However, this method appears to be useful for the structural analysis of starch components, since it can determine both the contents of AAM, TAM and SLC and the unit chain length distribution of AP.
The contents of AAM, TAM and SLC of the starches calculated by this method are shown in Table 2 . We classified the non waxy rice starches (NS) into the Koshihikari type (K type) (SLC content: less than 2%), the Hoshiyutaka type (H type) (SLC content: 5 7%), and the Yumetoiro type (Y type) (SLC content: 13 16%) based on the SLC contents in starches. The starches of K type belonged to LS and MS. The HS belonged to either H type or Y type. The TAM contents of starches belonging to the H type were in the range of 21.2 25.1%, and higher than those of the other starches.
Unit-chain length distributions of debranched materials of starches measured by HPAEC -PAD.
To investigate the detailed chain length distributions at short region of AP unit chains, the debranched materials of AP were detected in the range of DP 6 48 by HPAEC PAD. The fraction of peak areas of unit chains of DP 6 12 detected by PAD was named Fr. A , the ratio of Fr. A to the peak areas of unit chains of DP 6 48 was calculated as Fr. A content. Figure 7 shows the differences in chain length distributions of debranched starches of several rice plants as compared to Koshihikari starch. The unit chain lengths of debranched starches were classified into six groups (a) (f) based on Fr. A content. Koshihikari starch belonged to group (d) with Milky Queen (low amylose mutant rice derived from Koshihikari). The groups of rice samples are shown in Tables 1 I IV . There was no relationship between the AAM content and unit chain length of AP, since the rice samples of groups belonging to (a) (f) were observed at random in Tables 1 I IV Table 2 shows the SP and SO of NS measured in water at 75 C. The SP and SO of LS such as Snow Pearl, Milky Queen and Soft 158 were higher and lower than those of Koshihikari, respectively. The SO of H type starches with high TAM contents among HS were higher Shown in Table 1 . than that of K type and Y type starches. Figure 8 shows the relationship between the Fr. A contents and Tp of WS, LS, MS and HS. A negative relationship between the Fr. A contents and Tp was observed for all rice starches. This result shows that the short side chains in AP make the Tp of the starch granules decrease. This result corresponds to a previous report. 5) In the groups of (d) and (e), the Tp of HS was lower than the other starches among the same groups. This result may show that the SLC also decreases the gelatinization temperature of starches. Kenkei 2064 was far away from the correlation line between Fr. A content and Tp because of the particular chain length distribution (Figs. 5 D and  7 (a) ).
Swelling Power (SP) and Solubility (SO).
DISCUSSION
Samples of rice starches were plotted into six sections of (a) (f) and three zones based on two kinds of values of unit chains of AP, Fr. A and SLC contents using different symbols for different groups of TAM contents (Fig. 9 ).
There were no rice starch samples in the ranges of 3 4 and 8 12% of SLC. We named the ranges of more than 12%, 4 8% and less than 3% of SLC contents as the Y zone (containing Yumetoiro starch), H zone (containing Hoshiyutaka starch) and K zone (containing Koshihikari starch), respectively.
Since WS did not contain SLC, WS were plotted on the X axis. The SB values of starches plotted into the K, H and Y zones were in the ranges of less than 120, 140 170 and 270 300 RVU, respectively.
Kenkei 2064 and Beniroman belonged to groups (a) and (c), respectively. The rice samples in the Y zone belonged to group (d). All samples of rice starches having more than 20% of TAM contents were classified into the H zone, the samples of 15 20% of TAM contents were either classified into the Y zone or K zone.
The respective correlations between each structural parameter (AAM, TAM and SLC contents) and each functional parameter (SB , PV , SO and SP ) of NS are shown in Fig. 10 (A L) . The AM easily retrograded in starch paste and increased the gel strength of the paste. Actually, there was a positive relationship between the AAM contents and SB values of the NS except for Kenkei 2064 (Fig. 10 A) . However, there were two groups of starches with a SB of about 150 and 300 RVU among the HS. There was a highly positive relationship between SLC contents and SB in NS except for Kenkei 2064 (Fig. 10 C) . These results strongly indicate that SLC makes the viscosity of starch paste under the cooling condition (from 95 to 50 C) high. Kenkei 2064 starch appeared to show a high SB in spite of its classification into MS, since the chain length in Fr. 2 and Fr. 3 of Kenkei 2064 AP is longer than the other starches.
The PV and SB of HS were the lowest and highest in non waxy rice starches, respectively, and Y type starches showed higher PV and SB than H type starches (Figs. 10 A, 10 D) . There was a highly negative relationship between the AAM contents and PV of starches except for the Y type; the PV of starches of the Y type were higher than those of H type starches (Fig. 10 D) .
There was a highly negative relationship between the TAM contents and PV values (Fig. 10 E) .
It is generally recognized that there are negative relationships between the AAM contents and the PV and SP of NS 2, 3) , and a positive relationship between the AAM contents and the SO of NS.
3) The PV was more correlative to TAM contents (Fig. 10 E) than AAM contents (Fig. 10 D) as mentioned before. The SP was more correlative to the AAM contents (Fig. 10 G) than TAM contents (Fig. 10 H) , and the SO was more correlative to the TAM contents ( Fig. 10 K ) than AAM contents (Fig. 10 J) . The difference of AAM and TAM contents in NS corresponds to the SLC content in them. These results Results of starch samples of non waxy rice in Table 2 show that the SLC in AP does not have a great influence on the decrease in PV and the increase of SP and SO of the starch. Not SLC, but side chains of the cluster in AP mainly appear to participate in the swelling power of starch granules in water at 75 C. Since TAM in starch predominantly dissolves out to water at 75 C, the SO of starch appears to be under the influence of the TAM content in starch. In other words, it seems that SLC does not participate in the swelling of starch granules as compared to the side chains with ordinary length in the AP cluster. SLC is difficult to dissolve in hot water compared to AM.
